HhaI DNA methyltransferase belongs to the C5-cytosine methyltransferase family, which is characterized by the presence of a set of highly conserved amino acids and motifs present in an invariant order. HhaI DNA methyltransferase has been subjected to a lot of biochemical and crystallographic studies. A number of issues, especially the role of the conserved amino acids in the methyltransferase activity, have not been addressed. Using sequence comparison and structural data, a structure-guided mutagenesis approach was undertaken, to assess the role of conserved amino acids in catalysis. Site-directed mutagenesis was performed on amino acids involved in cofactor S-adenosyl-L-methionine (AdoMet) binding (Phe18, Trp41, Asp60 and Leu100). Characterization of these mutants, by in vitro /in vivo restriction assays and DNA/AdoMet binding studies, indicated that most of the residues present in the AdoMet-binding pocket were not absolutely essential. This study implies plasticity in the recognition of cofactor by HhaI DNA methyltransferase.
INTRODUCTION
HhaI DNA methyltransferase (EC 2.1.1.37) is a part of the restriction-modification system of Haemophilus haemolyticus (1) . The gene for the HhaI methylase was cloned, sequenced and found to code for a 327 amino acid protein (2) . The protein has been overexpressed and purified in Escherichia coli (3) (4) (5) . HhaI DNA methyltransferase (M.HhaI) is a C5-cytosine methyltransferase that recognizes the sequence 5′-GCGC-3′ in a double-stranded context and methylates the internal cytosine at the C5 position. Sequence alignment with the members of the C5-methyltransferase family revealed the presence of 10 conserved motifs, each containing about 5-10 amino acids, present in an invariant order in nearly all methyltransferases (6) (7) (8) including HhaI methyltransferase.
Among the 10 conserved motifs present in M.HhaI, two have been assigned a functional role: motif I, the FxGxG motif, found in all S-adenosyl-L-methionine (AdoMet)-dependent methyltransferases and implicated in cofactor AdoMet binding (9) ; and motif IV, the PC motif involved in catalysis, where the sulfhydryl group of the conserved cysteine forms the covalent link with the target cytosine (10) (11) (12) . Apart from motif I, the AdoMet-binding pocket is composed of a number of other amino acids from motifs II-V. The key interactions between the cofactor and the protein are mediated through a set of conserved amino acid residues, as seen from the ternary complex (12, 13) . The adenine ring of the AdoMet molecule is surrounded by hydrophobic amino acids, Phe18 (motif I) and Leu100 (motif V) on one side and Trp41 on the other. The FxGxG motif forms a tight loop in the first turn of a β 1 -α a -β 2 structural unit, with the first glycine being important in allowing a tight loop to form. Phe18 in this motif interacts with the adenosyl moiety of AdoMet, with its aromatic ring perpendicular to the plane of the purine ring. The ribose hydroxyl groups of AdoMet are hydrogen bonded by the acidic side chain of an invariant Glu40 from motif II. Asp60 (motif III) forms hydrogen bonds with the N6-amino group of adenine (8, 14, 15) . The adenine ring of the cofactor is in hydrophobic interaction with Trp41, which lies parallel to the cofactor ring (π-π interaction) on one side and Leu100 and Phe18 on the other (8, 12) . The entire region surrounding the cofactor (motifs I, II and III) has resemblance to the Rossmann fold of the dinucleotide-binding motif ( Fig. 1) (8, 14) . The DNA-binding region of M.HhaI is present within the variable region between motifs VIII and IX, and lacks any of the classical DNA-binding motifs.
Various crystal structures of M.HhaI, in binary complex with AdoMet or the reaction end product, S-adenosyl-Lhomocysteine (AdoHcy) or in a ternary complex with cofactor and different DNA substrates, have been determined (12) (13) (14) (15) (16) . Based on these structures and those available for other methyltransferases, it was seen that the methyltransferases are organized into a two-domain structure. The larger domain comprises nine of the 10 conserved motifs (in the case of M.HhaI) and has the cofactor-binding domain and the catalytic motif. The variable region, between motifs IX and X, serves as the target recognition domain and forms the bulk of the smaller domain (17) . Analysis of the crystal structures also revealed that the cofactor could be found in two different orientations. Based on kinetic analysis it was proposed that the two orientations could be related to the catalytically inactive unprimed and catalytically active primed orientations, as seen in the binary M.HhaI-AdoMet complex and ternary M.HhaI-DNAAdoHcy complex or the binary M.HhaI-AdoMet complex in the presence of non-specific DNA, respectively (12, 14, 18) .
For the M.HhaI reaction mechanism, which involves the formation of covalent enzyme-DNA complex and a dihydrocytosine intermediate, to be operational, a major distortion in the DNA would have to be evoked. It was indeed seen from the *To whom correspondence should be addressed. Tel: +91 80 309 2538; Fax: +91 80 360 0683; Email: dnrao@biochem.iisc.ernet.in ternary complex of HhaI-DNA-AdoHcy (12) that the target cytosine was completely flipped out of the DNA double helix and placed in the enzyme active site.
HhaI DNA methyltransferase has been one of the most extensively studied methyltransferases in terms of the numerous crystal structures available (12) (13) (14) (15) (16) 19) . However, adequate mutational data to biochemically validate the crystallographic data is lacking. To date, only a few residues have been subjected to mutagenesis, namely Cys81, which forms a part of the conserved PC motif (20) , Glu237, which fills the void created in the DNA as a result of base flipping (21) , and Thr250, which is involved in DNA binding (22) . Therefore, a structure-guided mutational analysis study of some of the conserved residues in M.HhaI was initiated. Site-directed mutagenesis was performed on residues present in the AdoMet-binding region. These mutants were analyzed in terms of their methylation activity, kinetic parameters and stability, using filter binding assays, fluorescence quenching and temperature dependence studies.
MATERIALS AND METHODS

Bacterial strains and plasmids
HhaI DNA methyltransferase was expressed in E.coli K12 strain ER1727 [(mcrBC-hsdRMS-mrr)2::Tn10, mcrA1272::Tn10, F′lac proAB lacI q (lacZ)-M15]. Escherichia coli strain ER1546 (McrBC + ) was used to check for the phenotype of the M.HhaI mutants. The M.HhaI gene was cloned into an IPTG inducible vector, pUHE25, (4). For carrying out site-directed mutagenesis the M.HhaI gene was cloned into pGEM-3Zf(+) (as a SphI-HindIII fragment from pUHE25) which contains the f1 origin of replication. Single-stranded DNA for site-directed mutagenesis was prepared from E.coli strain ER2380 (dut -ung -strain).
Protein purification
ER1727 cells containing the plasmid pUHE25 were grown to an absorbance (600 nm) of 0.8-1.0 at 37°C and subsequently induced with 0.15 mM IPTG. The cells were allowed to grow for 2 h after induction. The cells were harvested and either stored at -20°C or used immediately.
The protocol followed for the purification of M.HhaI was a slight modification of the earlier protocol (5). Cells were sonicated and the M.HhaI protein extracted from the cell pellet using buffer containing high salt (400 mM NaCl). The protein was then dialyzed with buffer containing 100 mM NaCl. The dialyzed protein was purified on Q-Sepharose and SP-Sepharose ion exchange columns. The purity of the protein was checked by SDS-PAGE with Coomassie brilliant blue staining (23) . Protein was estimated using Coomassie G-250 and bovine serum albumin as standard (24) . In vitro restriction assay. The sensitivity of the plasmid DNA containing the wild-type or mutant M.HhaI gene to restriction digestion with its cognate endonuclease HhaI restriction endonuclease (R.HhaI) was also used to qualitatively assay for methylase activity. Plasmid DNA was isolated using the alkaline lysis method and subjected to digestion with R.HhaI at 37°C for 2 h. Samples were electrophoresed on a 1% agarose gel in TAE buffer and the DNA visualized by ethidium bromide staining and UV illumination. Plasmids expressing wild-type or active mutant methyltransferases would be resistant to digestion with R.HhaI due to methylation of the recognition sites.
Methylation activity
Site-directed mutagenesis
The following oligonucleotides (Bangalore Genei, India) were used for site-directed mutagenesis: W41I, 5′-TTCTAATGAA-ATCGATAAATATG-3′; W41A, 5′-TTCTAATGAATACG-ATAAATATG-3′; W41Y, 5′-TTCTAATGAAGCGGATAA-ATATG-3′; W41R, 5′-TTCTAATGAAAGGGATAAATATG-3′; D60P, 5′-CCTGAGGGCCCCATTACCCA-3′; D60N, 5′-CC-TGAGGGCAACATTACCCA-3′; L100S, 5′-AGAGGTAC-AAGCTTTTTTGAT-3′; F18L, 5′-TTTATTGACCTTTTAG-CAGGATTAGGT-3′; F18H, 5′-TTTATTGACCTTCAT-GCAGGATTAGGT-3′; F18X (X = Cys, Tyr or Ser), 5′-TT-TATTGACCTTT(AGC)TGCAGGATTAGGT-3′. The underlined sequences represent the site of mutation and the sequence in bold is the restriction site created for that particular mutation.
Mutagenesis was performed according to Kunkel's protocol for mutagenesis (27) . Single-stranded DNA having uracil incorporated into it was made from E.coli strain ER2380 (dut -ung -). Briefly, ER2380 was transformed with the pGEM3Z-f(+) clone of M.HhaI. Transformants were grown to an absorbance (600 nm) of 0.5 and infected with M13 helper phage, M13K07, with a multiplicity of infection of 10. The infected cultures were allowed to grow for another 8-10 h. M13K07 phage, packaged with single-stranded pGEM DNA, was subjected to PEG precipitation. Single-stranded DNA was isolated by phenol/chloroform treatment, followed by alcohol precipitation.
Phosphorylated oligonucleotides (using T4 polynucleotide kinase) were annealed to the single-stranded DNA by heating in a water bath to 80°C and subsequently cooling the mixture to room temperature. Following annealing of the oligonucleotide, extension and ligation was carried out at 16°C for 12-16 h, using Klenow fragment of DNA polymerase I and T4 DNA ligase. This mix was transformed into an E.coli strain (dut + ung + ). The colonies were screened for the presence of mutations by the creation or loss of the restriction site as a result of mutation and by sequencing the appropriate region.
Immunoprecipitation of M.HhaI
Anti-HhaI antibodies were raised in rabbit using denatured M.HhaI protein. Immunoprecipitation was carried out essentially as described earlier (21) . Escherichia coli ER1727 transformed with overexpression clones of wild-type or mutant M.HhaI were grown to an absorbance (600 nm) of 0.8 and induced with 0.15 mM IPTG. After 2 h the cells were harvested and the cell pellet resuspended in high salt buffer and briefly sonicated. The lysed cells were centrifuged for 10 min at 10 000 r.p.m. The supernatant was then collected and incubated with anti-M.HhaI antibodies for 3 h at 4°C with constant mixing. Protein A beads were added to this mix and the incubation continued for another 3 h. The beads were then pelleted and the immunoprecipitated protein was washed three times with low salt buffer. The amount of immunoprecipitated protein was estimated by western blotting using known amounts of purified wild-type protein. Protein A beads with bound HhaI methyltransferase were stored at 4°C and used directly in methylation assays.
Electrophoretic mobility shift assays
The following oligonucleotides (NEB, USA) were synthesized and used as a substrate for the mobility shift assays: 5′-GACTGGTACAGTATCAGGCGCTGACCCACAACAT-CCG-3′; 5′-TCGGATGTTGTGGGTCAGCGCCTGATACT-GTACCAGT-3′. The HhaI recognition sequence is in bold.
These complementary oligonucleotides were annealed to form duplexes by heating to 80°C and gradual cooling to room temperature. Either one of the oligonucleotides was endlabeled using T4 polynucleotide kinase and [γ-32 P]ATP, prior to annealing. Gel mobility shift assays were carried out in binding buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 13% glycerol, 7 mM β-mercaptoethanol and 100 µM AdoHcy). The assay conditions were essentially similar to those described previously (28) . In a 10 µl reaction mix, M.HhaI was incubated with 32 P-labeled oligonucleotide in binding buffer for 10-15 min at 20°C. The protein-DNA complexes were analyzed on a 6% native polyacrylamide gel, which was pre-run for 30 min. Electrophoresis was performed in 90 mM Tris-borate pH 8.3, 2 mM EDTA, at room temperature for 1.5-2 h. The gels were dried on Whatmann 3 paper and autoradiographed on X-ray film or quantitated using a PhosphorImager.
Photoaffinity labeling of M.HhaI with [methyl-3 H]AdoMet
Crosslinking of AdoMet to M.HhaI was done as described earlier (29) . Wild-type or mutant M.HhaI (5 µM) was incubated with [methyl-3 H]AdoMet (7.3 µM) in 10 µl of buffer (10 mM potassium phosphate, 5 mM EDTA, 10% glycerol and 0.1% 2-mercaptoethanol) for 10 min in a microtiter plate. A hand-held UV lamp was directly placed on the microtiter plate and the samples irradiated with UV for 60 min at 4°C. The samples were boiled in SDS loading buffer. The proteinAdoMet complex was analyzed by 12% SDS-PAGE, followed by fixing in methanol:acetic acid:water (2.5:1:6.5) for 1 h. The fixed gel was subjected to fluorography (Amplify) for 30 min, dried and exposed to Kodak Hyperfilm at -70°C for 5 days.
Fluorescence titrations
The fluorescence emission spectra and the fluorescence intensities from titrations of M.HhaI were measured at 25°C on a FluoroMax3 spectrofluorimeter. The emission spectra were recorded over a wavelength of 300-400 nm with an excitation wavelength of 290 nm. Slit widths of 10 nm for excitation and 10 nm for emission were used. Titration of M.HhaI with AdoMet or AdoHcy was performed in low salt buffer. M.HhaI was allowed to equilibrate (5 min) in buffer before the beginning of the titration. Small aliquots of cofactor (final concentration 0.1-90 µM) were added to HhaI methyltransferase (1 µM) and incubated for 2 min before the spectra were recorded. The binding of AdoMet or AdoHcy to M.HhaI resulted in quenching of the Trp41 fluorescence, a unique amino acid present only at the AdoMet-binding site. Each spectrum recorded was an average of three scans. The fluorescence intensities were plotted against the total cofactor concentration and the data analyzed according to the Stern-Volmer and modified Stern-Volmer equations (30) .
The Stern-Volmer relationship is represented by
where F o and F are the fluorescent intensities in the absence and presence of cofactor, respectively, K sv is the collision Stern-Volmer constant and Q is the quencher (cofactor) concentration. In the case where there is a heterogeneous population of fluorophores, the modified Stern-Volmer relationship is used,
where f a is the fractional number of fluorophores accessible to the quencher and K Q is the quenching constant. The dissociation constants were calculated graphically using the modified Stern-Volmer plot (a plot of (31, 32) .
Isothermal calorimetry (ITC) measurements
Titration calorimetric measurements were performed with a Microcal Omega titration calorimeter as described earlier (33) . Briefly, small aliquots of AdoMet solutions at 15-40 times the M.HhaI concentration were added to a solution of M.HhaI (0.02-0.04 mM). The titrations were done under conditions that allowed for the precise estimate of the stoichiometry (n), binding constant (K b ) and enthalpy (∆H°b) simultaneously in a single ITC experiment. This was achieved by carrying out the titration under optimal 'c' value (the c value is an arbitrary number defined as c = K b [HhaI] and for an optimal titration 100 < c < 1000). Similar experiments were done with both the wild-type and mutant M.HhaI (W41I and W41Y). The thermodynamic parameters were calculated using the following equations:
where Q t is the heat content of a solution, n is the stoichiometry, K b is an intrinsic binding constant, ∆H°b is an intrinsic heat of binding, [M.HhaI] t is the total M.HhaI concentration and V is the cell volume.
Specificity of methylation
The specificity of the mutant methyltransferase was determined by measuring the incorporation of [ 3 H] label from AdoMet into premethylated DNA (by wild-type M.HhaI). DNA (λ) was methylated using excess cold AdoMet and wildtype enzyme. The methylation status of the DNA was examined by performing a restriction digestion of the DNA with R.HhaI. Methylation reactions were carried out as described above using the mutant methyltransferases (100 nM) and premethylated DNA or unmethylated DNA. The incorporation of radioactivity into premethylated DNA would suggest a change in specificity.
Stability of mutant methyltransferases
Stability of the wild-type and mutant methyltransferases was monitored by incubating the enzymes at 40°C in low salt buffer. Incubation was carried out at a protein concentration of 1 µM. At various time points, aliquots (2 µl) were withdrawn and assayed for methyltransferase activity at 37°C, using the DE81 filter binding assay as described earlier. The percent activity remaining was calculated and plotted against the incubation time. The stability of the mutant methyltransferases was also monitored by their rate of inactivation in the presence of urea. Wild-type or mutant M.HhaI (100 nM) was incubated with various concentrations of urea (0.1-4 M) in low salt buffer and methylation assays carried out at various concentrations of urea. The DE81 filter binding assay, described earlier, was used to measure the activity of these enzymes. The experiments were performed three times in duplicate and the errors were within 5%.
RESULTS AND DISCUSSION
All C5-methyltransferases share a similar structural organization and contain motifs that are absolutely conserved throughout the family. It was, therefore, of interest to know whether the conserved residues are essential for methylase activity and, if so, to assign a possible role for these amino acids in catalysis. Mutations were made in the AdoMetbinding pocket of M.HhaI. The AdoMet-binding pocket comprises residues from the highly conserved motif I (FxGxG) and from motifs II-V (8). Residues involved in cofactor binding, Phe18, Trp41, Asp60 and Leu100, were subjected to mutagenesis (Fig. 1) . Phe18 was changed to Ser, Cys, Tyr, Trp and His, Trp41 changed to Ala, Arg, Ile and Tyr, Asp60 changed to Pro and Asn, and Leu100 changed to Ser. The DNA-binding region of M.HhaI is present within the variable region between motifs VIII and IX, and lacks any of the classical DNA-binding motifs.
Activity of mutant methyltransferases
All the mutants were screened either by the loss or creation of a restriction site as a result of mutation. The mutations were confirmed by sequencing the appropriate regions of the M.HhaI gene. The activity of the mutant methyltransferases was determined by both in vivo and in vitro restriction assays. Plasmid DNA encoding the wild-type or mutant methylase was simultaneously transformed into strains ER1727 (mcrBC -) and ER1564 (mcrBC + ) and the number of colonies obtained on each strain compared. The E.coli McrBC system encodes a methylationsensitive restriction endonuclease, whose recognition sequence overlaps with the HhaI recognition sequence. Hence, plasmids carrying an active methylase would be restricted in E.coli strain ER1564 and not in strain ER1727. As can be seen from Table 1 , all mutations at the Trp41 residue were active, and therefore no colonies were obtained on the McrBC + strain. Mutations at the Phe18 residue also did not affect the activity of the methyltransferase, except for the Phe18→Cys mutant, which showed an inactive phenotype. Leu100→Ser and Asp60→Asn also did not have any affect on activity. However, mutation Asp60→Pro resulted in an inactive phenotype.
These results were further confirmed by the in vitro restriction assay. Plasmid DNA, from cells containing wild-type or mutant methylase, was isolated and its sensitivity to digestion by R.HhaI monitored. Plasmids harboring an active methylase would result in methylation of all HhaI sites in vivo and hence would be resistant to subsequent in vitro cleavage by R.HhaI. The results of the in vitro assay (Table 2 ) corroborated the in vivo McrBC restriction assay, except for the Phe18→Cys mutant, which was completely protected from endonuclease digestion. All other Phe18 mutants seemed to be partially protected. This suggested that all Phe18 mutants except Phe18→Cys were partially active. Plasmid DNA from cells expressing the Trp41 mutants, Asp60→Asn and Leu100→Ser mutants were protected from R.HhaI digestion and therefore are active methyltransferases, whereas the Asp60→Pro mutant was completely digested by R.HhaI, suggesting it to be an inactive methylase (Table 2) .
Biochemical analysis
In order to assess the methylation activity of the mutants in a more quantitative manner, filter binding assays were performed to monitor incorporation of the [ 3 H]methyl group into DNA. Either the purified or immunoprecipitated M.HhaI protein was used for the assays. Wild-type, Trp41 and Phe18 mutants were purified to homogeneity and subjected to biochemical analysis. The proteins were purified using a protocol similar to that used for the wild-type protein (5) (Fig. 2) . The purified proteins were analyzed for methylation activity and AdoMet-and DNA-binding functions. The Asp60 and Leu100 mutants could not be purified due to either poor induction or insolubility of these mutants during the high salt extraction step of purification.
DNA binding and kinetic properties
To determine whether the Trp41 mutations had any effect on the DNA-binding properties, gel shift assays were performed using a 37mer oligonucleotide containing a single M.HhaI recognition site. End-labeled oligonucleotide was titrated with increasing concentrations of HhaI methyltransferase. The complex formed was resolved on native polyacrylamide gels and quantitated using a PhosphorImager. It was seen that the Trp41 mutants did not have any altered DNA-binding capabilities (Fig. 3) .
As structural data implied an important role for Trp41 in cofactor binding, we investigated the effect of mutation at Trp41 on the kinetic properties of M.HhaI. Steady-state kinetic experiments were performed to obtain K m(AdoMet) and k cat values using λ DNA and [methyl-3 H]AdoMet as substrates (Table 3) . Methyltransferase activity of Trp41 mutants (Ile, Tyr and Arg) did not vary appreciably from that of the wild-type protein. These mutations did not have a drastic effect on the K m(AdoMet) value (a maximum of 2-fold difference was seen with Trp41Arg). The K m values reflect the ability of AdoMet to interact with M.HhaI, whereas k cat values are a reflection of the catalysis step. Substitution of Trp41 with Tyr did not change the enzyme properties significantly, as it is a conserved change, which can still maintain the π-π interaction with the adenine ring of AdoMet. Substitution with Ile however had an effect only on k cat and not on K m , i.e. only the catalysis step was affected by this mutation and there was no effect on cofactor binding. Ile could be maintaining the hydrophobic interactions necessary for cofactor binding, thus having no effect on K m . The Arg mutation resulted in lowered K m and k cat values (Table 3 ), suggesting that the charged residue could be interfering with both AdoMet binding and catalysis. Both kinetic and gel shift assays indicate that the Trp residue at position 41 is dispensable as far as AdoMet binding and catalysis are concerned. This is not surprising as this Trp residue is not an absolutely conserved amino acid among the C5-methyltransferase family and other residues have been found to occupy a similar position (Met, Ile, Lys, Tyr, Asn, Phe, Leu and Gly) (12, 15) . The fact that this residue in not conserved undermines the importance of the hydrophobic interactions between Trp41 and the adenosyl moiety of AdoMet.
Methyltransferase activity was also measured for the Phe18 and Asp60 mutants. Since purification of some of these mutants proved to be difficult, immunoprecipitated protein was used for activity measurements (21) . The activity of the immunoprecipitated protein (wild-type) was comparable with that of the normal soluble protein, indicating that the antibodies did not have an inhibitory effect on the methyltransferase activity. A comparison of the activities is shown in Figure 4 . As can be seen, Phe18 mutants do retain some methyltransferase activity (5-20%). While the Asp60→Pro mutation led to a complete loss of activity (Fig. 4A) , all Trp41 mutants retained wild-type-like activity (Fig. 4B) . Subsequently, we were able to purify some of the Phe18 mutants (Cys, Leu, His and Tyr). The purified proteins were used in later experiments.
AdoMet binding
Site-directed mutagenesis was carried out on residues involved in AdoMet binding. Most of the mutants do not result in the loss of methyltransferase activity (except Asp60→Pro), as seen by in vivo and in vitro restriction assay (Tables 1 and 2 ). As these mutations were in the AdoMet-binding pocket, they would be expected to have an effect, at least in their capacity to bind AdoMet and AdoHcy. The ability of these mutants to bind AdoMet was assessed by fluorescence quenching and isothermal titration calorimetry.
Fluorescence quenching. The presence of a Trp residue in the AdoMet-binding pocket of HhaI has been used as a handle to study cofactor binding. As can be seen, there was significant quenching of the fluorescence intensity of M.HhaI upon addition of AdoMet (Fig. 5A ). This allowed for the quantitative measurement of the interaction of cofactor with HhaI methyltransferase. Wild-type or mutant M.HhaI (1 µM) was titrated with increasing concentrations of AdoMet (0.1-90 µM) and the fluorescence emission spectra were recorded between 300 and 400 nm. The fluorescence intensity at 354 nm was monitored and plotted against AdoMet concentration (Fig. 5A) . The data were analyzed using the modified Stern-Volmer plot (see Materials and Methods) (Fig. 5B) . The dissociation constant (K d ) estimated for the wild-type HhaI was found to agree with the previously determined value using calorimetric (33) and fluorescence quenching studies (34) . Similarly, the dissociation constants were estimated for the Phe18 mutants (Table 4 ). The affinity of these mutants for AdoMet increased 2-to 6-fold, the maximum being for the Phe18→Cys mutant.
ITC measurements. ITC measurements were carried out to characterize the thermodynamics of the interaction of cofactor (AdoMet or AdoHcy) with M.HhaI protein. ITC analysis done with wild-type M.HhaI indicated a dual mode of interaction with the cofactors (33) . The primary high affinity mode could easily be saturated, while the secondary low affinity mode was not saturated within the concentration range of AdoMet used for titration. Hence, the thermodynamic parameters were estimated by analyzing only the primary mode (33) . The dissociation constant obtained from such an analysis was similar to that obtained by fluorescence quenching studies (34) . Two Trp41 mutants, Trp41→Ile and Trp41→Tyr, were also subjected to calorimetric analysis. Both these mutants displayed a dual mode interaction, as seen for the wild-type enzyme. A representative binding isotherm, for the primary mode, for the wild-type and Trp41→Ile mutant is shown in Figure 6 . A similar binding isotherm was obtained for Trp41→Tyr. The binding affinities estimated from the isothermal titration calorimetry experiments for both these mutants were 2-fold lower compared with the wild-type protein (Table 4) . It can, therefore, be concluded from the AdoMet binding studies that mutations at the Trp41 residue do not significantly affect the M.HhaI-cofactor interaction. However, mutations at Phe18 resulted in an enhanced binding of AdoMet, as seen from the fluorescence quenching data (Table 4) .
Methyltransferase specificity and stability
In order to check whether the mutant methyltransferases have any altered specificities, methylation reactions were carried out using premethylated DNA. Incorporation of radioactivity into DNA premethylated by wild-type HhaI would indicate a change in specificity. Typically, 100 nM enzyme was incubated with premethylated λ DNA in the presence of 200 nM [ 3 H]AdoMet. The methylation reaction with unmethylated DNA was used as a control. As can be seen (Table 5) , the wildtype M.HhaI was not capable of methylating premethylated DNA. Similarly, among all the mutant methylases analyzed, those which were partially active were incapable of further methylating the premethylated DNA, thus confirming that there was no change in specificity of the mutant methyltransferases.
Having seen that there was no altered specificity of these mutant methyltransferases, we next went ahead to see if the thermal stability of the mutants was affected. The stability of the mutant methyltransferases was assayed by incubating the enzymes at 40°C and assaying for methyltransferase activity at 37°C at the indicated time points. The fraction inactivation was plotted against the incubation time (Fig. 7) . Results indicate that the Trp41 mutant (Ile, Ala and Tyr) methyltransferases had slightly increased stability as compared with the wild-type enzyme (Fig. 7A) . In contrast, the Phe18 mutants were found to be unstable (except Phe18→Cys) compared with the wildtype protein (Fig. 7B) . The Phe18→Tyr and Phe18→His mutants were very unstable and by 20 min lost activity completely. Stability of the mutant methyltransferases was also determined by their resistance to urea denaturation. Methylation activity of the mutants was measured in the presence of various concentrations of urea. As can be seen (Fig. 8 ), all the mutants (Trp41 and Phe18) were less stable compared with the wildtype protein.
The effect was more prominent in the case of the Phe18 mutants. The Phe18→Cys and Phe18→Tyr mutants were the least stable and, at a concentration of 0.5 M urea, lost 75% of their activity. Phe18 is a part of motif I, FxGxG, and, except in one or two cases, is absolutely conserved among all AdoMet-dependent methyltransferases. It is, therefore, proposed to play a role in cofactor binding (8, 9) . In the case of M.HhaI, the Phe18 ring lies perpendicular to the adenine ring of AdoMet, thus interacting with the cofactor through hydrophobic interactions. Results obtained in this study show that changes at Phe18 result in partial loss of activity. No apparent correlation could be drawn between the nature of the side chains and enzymatic activity. Substitutions with either a bulky or a smaller side chain could result in disruption of the interaction with AdoMet, thus affecting the methyltransferase activity. On the other hand, substitutions at Phe18 also seem to have an effect on the stability of the mutant methylase (Fig. 8) . These results, therefore, suggest that the loss of stability could also be responsible for the reduced activity seen. However, it is not clear why the affinity for the cofactor AdoMet is increased. One possible reason for the reduced activity of the mutants is the inhibitory effect due to the increased affinity for cofactors. Although K d values for AdoHcy are not available, they would be expected to follow a trend similar to the wild-type enzyme, i.e. the values would be higher for the wild-type compared with the mutants. This increased affinity for the reaction end product, AdoHcy, could affect the product release step during catalysis. Among the Phe18 mutants, Phe18→Cys showed anomalous behavior, as seen by the in vitro and in vivo restriction assays, and was found to be more stable to heat denaturation. At present we are unable to explain these observations. In summary, this mutational study indicates that amino acid residues involved in the binding of the cofactor AdoMet are not absolutely essential and suggests flexibility in the AdoMetbinding pocket (Table 6 ). The hydrophobic pocket formed by Phe18, Leu100 and Trp41 may not be as important as expected from structural analysis and this could be a peculiarity of M.HhaI. It is possible that the size of the side chain plays a more important role than the specific nature of interactions with the cofactor. On the other hand, the stability of some of the Phe18 mutants was affected, suggesting an additional structural role for this amino acid apart from a functional one. The absence of absolute conservation at these (expected) important residues suggests to us that the enzyme may be using an alternative mode to interact with the cofactor. Our mutational analysis and those done earlier (21, 22) suggest that M.HhaI is more tolerant to changes at the conserved residues or residues thought to have an important functional role. 
